We studied the flocculation behaviours of microbial communities in 21 soil, wastewater and activated sludge samples to clarify the effects of culture medium types on flocculation ability and screening efficiency, and to analyze diverse functions and microbial compositions. The bioflocculants produced by 33% of the microbial communities had flocculating efficiencies higher than 90%. Six out of the eight microbial communities with efficiencies over 94% were screened from the culture medium using dibutyl phthalate (DBP) as the carbon source. BF-BCT, which was derived from the Chinese cabbage soil sample, had the highest flocculating efficiency (99.6%), species diversity and uniformity. Nine highly efficient strains were separated and purified from seven different microbial communities, indicating that flocculating microorganisms are widely distributed in ecosystems. The 16S rRNA gene testing shows that the eight bacterial and the one fungal strains are common soil microorganisms. The flocculating abilities of BB11 (Sphingobacterium multivorum) and SE3 (Galactomyces geotrichum) have never been reported hitherto. Six strains, including the most flocculating-active TB13 and JB17, were screened from the culture medium using DBP as the sole carbon source. In particular, we compared the performance of culture media and analyzed analogous microbial communities with a Biolog automatic micro-analysis system for the first time.
INTRODUCTION
Flocculation (coagulation), one of the most critical processes in treating urban and industrial waste water, requires safer and more efficient water-purifying agents (Tang ) . Therefore, bioflocculants (Dugan ) , which are produced during microbial fermentation, have been highlighted. They coagulate and precipitate the solid suspended particles, microbial cells and colloid granules that do not easily degrade in liquids, and functionally unique polymeric substances can be extracted as water-purifying agents. Besides, bioflocculants are also environmentally friendly and sustainable.
Bioflocculants were developed in the late 1980s. Takeda et al. prepared NOC-1 by separating and screening Rhodococcus erythropolis S-1 from upland soils in a culture medium containing dibutyl phthalate (DBP), and NOC-1 remains one of the most effective and broad-spectrum bioflocculants (Takeda et al. ) . Currently, water treatmentspecific bioflocculants are developed by two protocols, i.e. applying biological agents in flocculating processes, or biologically treating flocculating strains as engineering ones. The former protocol focuses on extracting, preparing and yield-maximizing flocculating-active substances, and the latter emphasizes flexibly configuring and optimizing the strains in different water qualities, working conditions and biodisposal facilities.
Most excellent flocculating microorganisms, including bacteria ( However, most relevant studies have not referred to the distribution of highly efficient microbial communities and strains in the environment or their diversity and composition.
Thereby motivated, we explored the flocculation behaviours of microbial communities against different soil, wastewater and activated sludge samples, to clarify the effects of culture medium types on flocculation ability and screening efficiency, and to analyze the diverse functions and microbial compositions therein. This study focuses comparing the performance of culture media and analyzing analogous microbial communities with a Biolog automatic micro-analysis system for the first time.
MATERIALS AND METHODS

Culture media
Five different enrichment and separation culture media (Table 1) , which were prepared using distilled water, pHadjusted and sterilized at 121 W C for 20 minutes, were selected. The culture medium containing glucose was sterilized at 115 W C for 30 minutes.
Sampling
All soil, sludge and wastewater samples were collected from 21 locations in Shanghai, China (Table 2) . Soil samples were collected from eight different locations, sludge samples were collected from activated sludge or pool bottom sludge that had deposited well, and wastewater samples were collected from all sections of Songjiang Wastewater Treatment Plant.
(1) Soil samples: the litter layer and surface enrichment matter were removed first, and then topsoils at three different depths (3-8 cm and 20-25 cm) were sampled with a small shovel.
(2) Sludge samples: one sample was collected per location, including the aeration tank, secondary settling tank and effluent of the wastewater treatment plant. (3) Wastewater samples: Figure S1 (available online at http://www.iwaponline.com/wst/069/746.pdf) schematizes the critical anoxic/anaerobic/oxic (A 2 /O) process.
The samples were analyzed immediately. If not, they were stored in a 4 W C refrigerator for three weeks maximum to maintain microbial ecological balance.
Microbial enrichment
Fresh soil samples (10 g each, particle diameter <2 mm) were placed in jars. Sludge samples (also 10 g each) were first centrifuged at 6,000 rpm for 10 minutes to discard the Ten mL of wastewater sample was inoculated in each enrichment and isolation medium directly, and also cultured at 180 rpm and 30 W C for 24 hours. The culture broth is herein referred to as 'bioflocculant liquor'.
Prescreening and second screening
The flocculating capability of the bioflocculant liquors was determined by a modified method by Shimofuruya et al. () .
(1) Prescreening: kaolin powders (5 g) were mixed with 1,000 mL of water to prepare a 5.0 g/L suspension. Then 1 mL of bioflocculant liquors and 1 mL of 0.5 M CaCl 2 or 0.5 M CaCl 2 (dissolved in 8.9 mM N-Glycylglycine) as the flocculation aid were added to 100 mL of the kaolin suspension in a 100 mL graduated cylinder. Using NaOH or HCl at appropriate concentrations, the pH was adjusted to 7.5. A control experiment was performed with the same method, but the bioflocculant liquors were replaced with a strain-free culture medium without flocculation aids. The supernatants were then collected after 30 minutes of settling.
Flocculating performance was characterized by flocculating efficiency:
where A represents the turbidity of the supernatant of a blank water sample, B represents that of a detected sample, and μ represents the removal efficiencies of suspended solids before and after adding a flocculant.
(2) Second screening: the flocculating performance was determined by the coagulation-flocculation jar test. Bioflocculant liquors and 0.5 M CaCl 2 or 0.5 M CaCl 2 (dissolved in 8.9 mM N-Glycylglycine) were sequentially added to a kaolin suspension, so as to optimize the added amounts of bioflocculant liquors and flocculation aids by a single-factor experiment. After the pH was adjusted to 7.5, they were stirred in a six-combined concrete mixer at 160 rpm for 60 seconds, and at 40 rpm for another 150 seconds, in succession. The supernatants were then collected after 30 minutes of settling. Flocculating performance was also characterized by flocculating efficiency μ.
Functional diversity of microbial communities
After being cultured on Biolog EcoPlate™ using a Biolog automatic micro-analysis system for 72 hours, the metabolic 
where C i is the absorbance of each well at 590 nm, and R is that of the control well at 590 nm.
The 72-hour culture data were statistically analyzed. The functional diversity of microbial communities was reflected by the Shannon index, the Alatalo uniformity index, the Mclntosh index and the probability of interspecific encounter (PIE) index (Table 3) .
Purification and identification of strains
Strains separated from soil and activated sludge samples were purified and cultured by spread plate and streak plate methods. They were then identified by a 16S rRNA gene sequencing method in cooperation with Shanghai Sangon Biotech Co., Ltd.
Bacterial strains:
(1) DNA extraction and electrophoresis: the experiments were performed by an SK1201-UNIQ-10 column bacterial genomic DNA extraction kit.
(2) PCR reaction: conducted in a 50 μL system containing 10 pmol template (genome), 1 μL of upstream primer (10 μM), 1 μL of downstream primer (10 μM), 1 μL of dNTP mixture (10 mM each), 5 μL of 10 × Taq reaction buffer, 0.25 μL of Taq (5 U/μL) and water. (4) Target fragment cloning: competent cells were prepared with an SK2301 SSCS one-step reagent, and then subjected to blue-white screening. (5) Plasmid extraction: plasmids were extracted with an SK1191 UNIQ-10 column small-quantity extraction kit. (6) DNA sequencing: an ABI 3730 DNA sequencer (USA) was used.
Fungal strains:
(1) Genomic extraction and electrophoresis: the experiments were performed with a SK137 fungal genomic DNA extraction kit.
(2) PCR reaction: conducted in a 50 μL system, as for the bacterial DNA mentioned above. extension: 8 minutes. Forward primer: ITS1, 5 0 TCCGTAGGTGAACCTGCGG 3 0 , 20 bp; reverse primer: ITS4, 5 0 TCCTCCGCTTATTGATATGC 3 0 , 19 bp. (3) DNA purification: target DNA bands were cut out of the agarose gel and purified by the method identical to that for the bacterial DNA mentioned above. (4) DNA sequencing: purified PCR products were sequenced by ITS1 and ITS4 with an ABI 3730 DNA sequencer.
The resultant DNA sequences were classified by Ribosomal Database ProjectII Classifier, registered in GenBank, and compared with available strain sequences in GenBank and Greengenes for homological analysis. Thereafter sequences sharing the highest homology were determined.
The 16S rDNA sequences of the screened strains and reference strain Escherichia coli were subjected to ClustalW multiple sequence alignment by MEGA5.2, based on which an evolutionary distance tree was constructed (Tamura et al. ). 
is the absorbance of each well at 590 nm. C 0 is that of the control well at 590 nm. S is the number of the wells undergoing color changes.
RESULTS AND DISCUSSION
Screening of flocculating microbial communities Samples were cultivated in five different culture media to determine the effluent turbidity and flocculating efficiency of bioflocculant liquors ( Figure S2 , available online at http://www.iwaponline.com/wst/069/746.pdf). The flocculating efficiencies of 33% of the 105 bioflocculant liquors derived from screened microbial communities exceeded 90%, and there were eight highly efficient microbial communities (μ > 94%) (Table 4) .
Flocculating strains can be screened and cultured with most culture media. Saccharides, as the carbon sources of culture media, affect flocculant production and cell morphologies. For instance, fructose benefited the flocculant production of Rhodococcus erythropolis S-1 most clearly. However, the cells suffered from elongation and reduced flocculating activity (Kurane et al. ). Kurane et al. screened a highly efficient flocculating strain capable of degrading DBP from dry farmlands, and the flocculant NOC-1 synthesized by this strain is the most potent, to the best of our knowledge. Besides, DBP has been selected as the sole carbon source in culture media (Kurane et al. a; He et al. ) . In this study, the flocculating microbial communities screened from medium B (carbon source: DBP) account for 75% of the samples with μ > 94% and 42.4% of those with μ > 90%. In contrast, the strains screened from the glucose-based culture medium account for only 12% and 33.3% (Table 5 ; Figure S3 , available online at http:// www.iwaponline.com/wst/069/746.pdf). In particular, the flocculating efficiency of BF-CT derived from medium B (a soil sample collected near the dining hall of Songjiang University Town) is as high as 96.0%. The second screening showed the flocculating efficiency of BF-BCT that was screened from DBP culture medium peaked at 99.6% when equivalent BF-BCT (6 mL) and 0.5 M CaCl 2 dissolved in 8.9 mM N-Glycylglycine was added.
Functional diversity of highly efficient flocculating microbial communities
The five microbial communities flocculating best during prescreening, i.e. samples No. 2, No. 6, No. 7, No. 9 and No. 12 , were subjected to functional diversity analysis. The AWCD values of the metabolic profiles indicated the oxidation of substrate matrices as well as the growth of microorganisms. AWCD 0.2 , the first measuring point of AWCD series, suggested all samples began to use the substrate carbon sources. In other words, microorganisms utilize carbon sources from statically to exponentially, i.e. they grow from slowly to logarithmically. AWCD 0.8 , the second measuring point, refers to a relatively stable phase of carbon source utilization during which microorganisms grow from logarithmically to steadily. After being cultured for 30-42 hours, the AWCD values of the five microbial communities all reached 0.2 (Figure 1) , indicating similar initial utilization of carbon sources. However, the microbial (Table 6 ). The AWCD, species richness (S) and diversity indices of the five highly efficient microbial communities varied in a similar way. Compared with those from activated sludge, the microbial communities from soil had more microorganisms that utilized the carbon source substrate, utilized the single carbon source substrate more thoroughly, and had more complicated functional structures. BF-BCT had highest flocculating efficiency (99.6%), and as suggested by S and diversity indices, had maximum species diversity and uniformity.
Composition of highly efficient flocculating microbial communities
Thirty-five strains, including seven fungal and 28 bacterial ones, were screened and purified from the eight highly efficient flocculating microbial communities. Twenty-three flocculating strains had μ > 90% (Table 7) , 11 of which worked even without adding any flocculation aids. Soil-and sludge-originating strains accounted for 88% of the 35, and 17 out of the 23 (74%) highly efficient flocculating strains came from the activated sludge of wastewater treatment sections ( Figure S4 , available online at http://www.iwaponline.com/wst/069/ 746.pdf). In particular, 12 strains were screened and purified in media B and E from sample No. 12, nine of which had μ > 90%. The results can be attributed to there being sufficient flocculating microorganisms in the secondary settling tank able to separate sludge from water, and to concentrate sludge by flocculation by microorganisms that reproduced dramatically along with their extracellular secretions. Nine strains with μ > 94% were selected, in which TB13 and JB17 functioned best with the maximum flocculating efficiencies of 98.6% and the effluent turbidities of 16.8 nephelometric turbidity units (NTU). The 16S rRNA gene sequencing and identification results are shown in Table 8 , and the homological analysis results are illustrated in Figure 2 . The nine strains are common soil microorganisms, and the flocculating abilities of BB11 (Sphingobacterium multivorum) and SE3 (Galactomyces geotrichum) have never been reported. Medium B was verified as being highly efficient because most strains were screened from it (6/9, 66.7%). The nine strains were separated and purified from seven different microbial communities, inferring that flocculating microorganisms are ubiquitous in soil, wastewater and activated sludge.
CONCLUSIONS
Eight highly efficient flocculating microbial communities were screened from 21 soil, sludge and wastewater samples, 33% of which had flocculating efficiencies over 90%, inferring that microbial flocculation is ubiquitous in the environment. Biolog automatic micro-analysis revealed that the samples that flocculated best were accompanied by higher species diversity, uniformity and number of microorganisms that utilized carbon source substrates. Meanwhile, they utilized a single carbon source substrate more potently, with more complicated functional structure. The nine strains with flocculating efficiencies higher than 94%, which originated from seven different microbial communities, were common soil microorganisms. In particular, the flocculating abilities of BB11 (Sphingobacterium multivorum) and SE3 (Galactomyces geotrichum) have never been reported. Notably, compared with those containing polysaccharides, the culture medium containing DBP only was more conducive to the screening. Six strains, including the most flocculating-active TB13 and JB17, were screened from the culture medium using DBP as the sole carbon source. 
